Objective Fibromyalgia is associated with central hyperexcitability, but it is suggested that peripheral input is important to maintain central hyperexcitability. The primary aim was to investigate the levels of pro-inflammatory cytokines released in the vastus lateralis muscle during repetitive dynamic contractions of the quadriceps muscle in patients with fibromyalgia and healthy controls. Secondarily, to investigate if the levels of pro-inflammatory cytokines were correlated with pain or fatigue during these repetitive dynamic contractions.
Introduction
Fibromyalgia (FM) is a musculoskeletal condition that is characterized by chronic widespread pain and tenderness (generalized allodynia/hyperalgesia) and often accompanied by fatigue, sleep disturbances, cognitive impairment and psychological distress [1] [2] [3] [4] [5] [6] [7] [8] . FM has a prevalence of 2% to 4% in the general population and is more common in women than in men [2, [9] [10] [11] . FM is the second most common condition among the rheumatic disorders after osteoarthritis and is one of the most common conditions seen in the primary health care [12, 13] . It has a negative impact on the patients' mental health, career and personal relationships [14] . Women with FM consistently score very low in quality of life (QoL) measures compared to other chronic conditions such as rheumatoid arthritis, osteoarthritis, and chronic obstructive pulmonary disease [15] . They also report difficulties with several daily life activities such as climbing stairs and walking two blocks [16] .
The etiology of FM is still largely unknown. Previous studies have shown that patients with FM have an enhanced temporal summation [17] , increased sensitivity to pressure [18] , heat [18] [19] [20] , cold [21] and electrical stimuli [22] as well as a prolonged decline of heat-induced pain in comparison to control subjects [17] , consistent with central hyperexcitability. The impairments of descending pain modulation in patients with FM [19] are also reflected as aberrant cerebral pain processing [23] . Furthermore, when compared to controls patients with FM have reduced brain volumes [24] as well as reduced functional connectivity affecting brain regions associated with pain modulation [5] . However, it is suggested that peripheral input is important to maintain central hyperexcitability [25] . This abnormal pain processing, in combination with impaired endogenous analgesic systems [6] may indicate that FM is a multidimensional hyperalgesic pain syndrome where an altered central sensory processing interacts with peripheral pain input [25, 26] .
A possible peripheral pathogenic factor in FM is an imbalance between pro-and antiinflammatory cytokines, as this imbalance seems to play an important role in induction and maintenance of chronic pain [27] . Cytokines are small proteins that are mainly released from immune cells, but also from non-immune cells like fibroblasts and Schwann cells. They are classified as either pro-or anti-inflammatory. The pro-inflammatory cytokines are involved in painful chronic inflammatory diseases, while the anti-inflammatory cytokines have an analgesic effect [28] . Previous studies suggest that there is a dysfunction in the regulation of the release of the pro-inflammatory cytokines IL-1, IL-6 and IL-8 in patients with FM [29, 30] and that elevated levels of serum IL-8 are correlated with increased pain intensity in patients with FM [29] . Further, patients with FM have been reported to have increased levels of IL-8 both in serum and in cerebrospinal fluid compared to healthy controls [31] [32] [33] and it is suggested that higher levels of IL-6 and IL-8 are related to higher pain sensitivity and a disruption in the efficiency of the conditioned pain modulation [34] . However, this is not a general finding since one study indicates that the higher levels of IL-8 are not correlated with pain [33] . Several studies have shown an increased level in serum and/or plasma for IL-1, IL-6, IL-8 as well as TNF in patients with FM compared to healthy controls [29, 32, [35] [36] [37] [38] [39] [40] , although this is not a general finding [31] .
Microdialysis can be used to analyze substances of interest in the interstitium of the muscle, as this method allows assessments of alterations of substances before they are diluted and cleared by the circulatory system. The extracellular matrix plays a key role in physiologic functions of cells, including the primary afferent nociceptor [41] . The muscles that have been analyzed with microdialysis are the masseter, trapezius, gastrocnemius and vastus lateralis [42] . This and other studies have shown that there is an increase of algogenic substances, such as glutamate, serotonin, substance P and calcitonin gene-related peptide in patients with chronic myalgia in the masseter or trapezius muscles [43] [44] [45] [46] . Further, increased muscle levels of algogenic substances during low-force muscle-exercise have been reported in patients with chronic myalgia in the trapezius muscle [43, 45, 47] . Also, patients with FM have higher levels of serotonin and leukotriene B4 compared to patients with chronic localized myalgia of the temporomandibular system as well as healthy controls [48, 49] . It has further been reported that patients with FM have higher levels of pyruvate and lactate in the trapezius muscle compared to healthy controls [50, 51] . A few studies have shown that there are increased levels of cytokines in a myalgic trapezius muscle compared to a pain-free trapezius muscle [44, 46] , however these studies had very small samples sizes. Also, other studies have shown increased release of interstitial levels of IL-6 during repetitive, low-force exercise in the myalgic trapezius muscle of patients with chronical myalgia of the trapezius muscle and whiplash associated disorders [52, 53] . Yet, no studies have until now investigated the levels of IL-6 and other pro-inflammatory cytokines during repeated dynamic contractions of the vastus lateralis in patients with FM. Taken together, little is known regarding potential peripheral mechanisms, such as the release of pain mediators [54] , as a contributing factor in the maintenance of FM.
Based on previous research we hypothesized that there are differences in the levels of proinflammatory cytokines in patients with FM compared to healthy controls [32, 55] and that there is a correlation between the level of pro-inflammatory cytokines and the level of induced pain as well as fatigue during a low-force muscle exercise. Hence, the primary aim of this study was to investigate the levels of pro-inflammatory cytokines released in the vastus lateralis muscle during repetitive dynamic contractions of the quadriceps muscle in patients with FM and healthy controls. As a secondary aim, this study investigated if the levels of pro-inflammatory cytokines were correlated with pain or fatigue during these repetitive dynamic contractions.
Materials and Methods
This multicenter study was carried out during the period of 2010-11 to 2013-05 as a part of a randomized controlled trial regarding the effects of strength and relaxation exercise on FM symptoms (clinicaltrials.gov (NCT01226784)) in the three participating sites Stockholm, Linköping and Gothenburg [56] . The present study was carried out in selected centers in each site and the centers were the Rehabilitation Medicine, Department of Medical and Health Sciences (IMH), Faculty of Health Sciences, Linköping University, and the Pain-and Rehabilitation Centre, County Council of Östergötland, both in Linköping; the Department of Rheumatology and Inflammation Research, Institute of Medicine, Sahlgrenska Academy, University of Gothenburg, Göteborg; and the Department of Clinical Sciences, Karolinska Institutet at Danderyd University Hospital, Stockholm, all in Sweden. The methods and selection of participants were approved by the regional ethical review board in Stockholm, Sweden (2010/1121-31/3). All participants were above 18 years of age and the study followed the principles for medical research according to the guidelines of the Declaration of Helsinki as well as the International Conference on Harmonisation Guideline for Good Clinical Practice. All participants received both written as well as verbal information and gave their verbal and written consent.
Participants
Patients with fibromyalgia. The study comprised thirty-two female patients with a clinical diagnosis of FM. They formed a subgroup out of 130 patients that participated in the randomized controlled trial regarding the effects of strength and relaxation exercise on FM symptoms [56] . Their background data are presented in Table 1 . The participants were recruited through advertisements in the local newspapers of the three participating cities (Gothenburg, Stockholm, and Linköping).
The inclusion criteria were age between 20 and 65 years, female sex and a diagnosis of FM according to the fibromyalgia classification criteria of the American College of Rheumatology (ACR) 1990 [1] . Exclusion criteria were high blood pressure (>160/90 mmHg), osteoarthritis (OA) in hip or knee, other severe somatic or psychiatric disorders, other dominating causes of pain than FM, high consumption of alcohol, participation in a rehabilitation program within the past year, regular resistance exercise or relaxation exercise twice a week or more, inability to understand or speak Swedish, and not being able to refrain from analgesics, NSAID or hypnotics for 48 hours prior to examination [56] . Use of NSAID for one week prior to microdialysis session was an additional exclusion criterion. Healthy controls. Thirty-two age-matched female controls (CTR) with a mean (SD) age of 53.7 (±9.4) years participated, coinciding the mean age of the patients with FM, Table 1 . They were also recruited through advertisements in the local newspapers of the three participating cities (Gothenburg, Stockholm, and Linköping) and formed a subgroup of the 42 controls that participated in the above mentioned trial. The inclusion criteria were age 20 and 65 years, and female sex. Exclusion criteria were any pain condition, high blood pressure (>160/ 90 mmHg), osteoarthritis (OA) in hip or knee, other severe somatic or psychiatric disorders, high consumption of alcohol, participation in a rehabilitation program within the past year, regular resistance exercise or relaxation exercise twice a week or more, inability to understand or speak Swedish, and not being able to refrain from analgesics, NSAID or hypnotics for 48 hours prior to examination.
Experimental protocol
This study comprised a single microdialysis session that lasted four hours. The microdialysis was performed in the most painful vastus lateralis muscle in order to sample the pro-inflammatory cytokines IL-1β, IL-6, IL-8 as well as TNF. After the 2 hours of stabilization, i.e. the trauma-phase, baseline dialysates were sampled between 120-140 min. This was followed by sampling of dialysates during the 20 min of standardized repeated dynamic contractions of the quadriceps muscle (brief work) and finally during the 60 min of recovery period. The brief task was to extend the knee 15°by slowly lifting the leg (resting with the knee bent 15°on a Pilatus ball; 55 cm diameter) to a straight position (0°) and then slowly lowering it down on the ball for participants with a current pain intensity in the exercising leg greater than 40 on a 0-100 visual analogue scale (VAS). For the other participants (current pain intensity less than 40 on a 0-100 VAS) the knee extension was 20°. Each repetition lasted for 5 sec, without any rest between repetitions. When the microdialysis was finished the catheter was removed and the membrane was checked to make sure that no damage had occurred. Prior to the experiment a venous blood sample was taken in order to analyze plasma levels of the pro-inflammatory cytokines, Fig 1.   Fig 1. Schematic illustration of the study design. The flow-chart shows the time-points (min) for the blood sample, assessments of pain intensity, fatigue, microdialysis and dialysate sampling as well as the brief work (consisting of repetitive dynamic contractions of the quadriceps muscle) in 32 female patients with fibromyalgia and 32 healthy, pain-free age-matched controls. The pain intensity was assessed on a visual analogue scale (VAS; 0-100) while fatigue was assessed with Borg's Rating of Perceived Exertion (RPE) Scale before, during and after the brief work.
Pain intensity and fatigue
Pain intensity (visual analogue scale; VAS; 0-100) and fatigue (Borg's Rating of Perceived Exertion (RPE) Scale; 6-20 [57] ) were assessed before insertion of the microdialysis catheter (-5 min) and every five min during the dynamic contractions (140-160 min). Further, VAS was assessed immediately after insertion and then every 20 minutes, when the dialysates were changed, Fig 1. 
Assessment of Anxiety, Depression and Quality of life
The validated Swedish versions of the Hospital Anxiety and Depression Scale (HADS) were completed by all participants in order to assess anxiety and depression [58, 59] , and the Short Form Health Survey (SF36) to assess quality of life [60] . From the SF36 the physical (SF36-PSC) and mental (SF36-MSC) summary components were calculated and used in the study. For a complete description of these questionnaires, see Sullivan and co-workers (1998) as well as Persson and co-workers (1998) [61, 62] .
Blood sampling
The venous blood samples were collected before the microdialysis with a Vacutainer (BD Vacutainer1 Eclipse™ Blood Collection Needle, BD Diagnostics, Becton, Dickinson and Company, New Jersey, USA) in a 10 mL plasma tube (BD Vacutainer1 Plus Plastic K 2 EDTA Tubes BD Diagnostics, Becton, Dickinson and Company, New Jersey, USA). The blood samples were centrifuged for 30 min (1500 g, +4°C) immediately after the collection, and the plasma was pipetted to Eppendorf tubes, aliquoted and stored at -70°C. The plasma levels of the pro-inflammatory cytokines IL-1β, IL-6, IL-8, and TNF were later analyzed to determine if the muscle levels obtained from the dialysates were locally produced or emanated from the blood plasma.
Microdialysis of the vastus lateralis muscle
In order to sample the peripheral pro-inflammatory cytokines IL-1β, IL-6, IL-8, and TNF in the vastus lateralis muscle microdialysis was performed. After identification of the insertion point which was the belly of the vastus lateralis, at half the distance between the trochanter and the knee, (Fig 1) the skin overlying was anaesthetized with local anesthesia (Xylocain1, lidocaine 10 mg/mL, AstraZeneca, Södertälje, Sweden) five minutes prior to the insertion. Two commercially available microdialysis catheters (cut-off points of 100 kDa (CMA 71) and 20 kDa (CMA 60), CMA Microdialysis AB, Solna, Sweden; membrane 30-mm length, 0.5-mm diameter) were inserted into the vastus lateralis collateral to the muscle fibers at an angle of 45°t o its full length. To determine the concentrations of IL-1β, IL-6, IL-8, and TNF the catheter with the 100 kDa (CMA 71) was used for the present study. The concentrations of small molecules such as lactate, pyruvate, glutamate, and glucose will be presented in another study. During the insertion of the catheter the typical slight resistance and involuntary muscle contraction was felt when penetrating the muscle fascia. In order to allow the tissue to recover from possible changes induced in the interstitial environment the participants were instructed to relax in a comfortable position on a bed during the trauma phase immediately after insertion of the catheter, i.e. the first 120 min.
The microdialysis catheter was perfused at a rate of 5 μL/min with a 2-mL syringe connected to a high-precision micro-infusion pump (CMA 107, CMA Microdialysis AB, Kista, Sweden). The perfusion medium consisted of a Ringer-acetate solution (Baxter Viaflo, Baxter Medical AB, Kista, Sweden) containing 0.5 mM Ringer-lactate (Baxter Viaflo, Baxter Medical AB, Kista, Sweden).
Microdialysates (100 μL) were collected every 20 min in 200-μL microvials, specially designed to collect micro-volume samples and minimize evaporation (CMA Microdialysis AB, Kista, Sweden), immediately pipetted to Eppendorf tubes and stored at -70°C. Only the dialysates collected at baseline (120-140 min), during the repeated dynamic contractions (brief work at 140-160 min), and during recovery period (160-220 min) were used for the analysis of the pro-inflammatory cytokines (Fig 1) .
Analyses of plasma and dialysates
The plasma and dialysate samples were analyzed at the Clinical Research Department, Department of Dental Medicine, Karolinska Institutet, Huddinge, Sweden with the commercial High Sensitivity Human Cytokine Magnetic Bead Panel Immunoassay (MILLIPLEX1MAP for Luminex1 xMAP1 Technology, EMD Millipore, Missouri, USA). The minimum detectable concentration (MinDC) were 0.06 pg/mL for IL-1β, 0.20 pg/mL for IL-6, 0.05 pg/mL for IL-8, and 0.07 pg/mL for TNF. Samples that were regarded as "out of range" by the program were considered as 0 pg/mL.
Statistics
The SigmaPlot for Windows, version 13.0 (Systat Software Inc., Chicago, IL, USA) and SIM-CA-P+ version 13.0 (Umetrics Inc., Umeå, Sweden) were used to analyze the data. For all tests the level of significance was set to P < .05. Mean and SD were used for descriptive statistics regarding age, while median and interquartile range (IQR) were used for descriptive statistics regarding pain intensity and fatigue. The Shapiro-Wilk test assessed data for normality. Nonparametric statistics were used to analyze the substances since they were not normally distributed and attempts to transform data did not change this. Friedman two-way repeated measures analysis of variance (RM ANOVA) was used to analyze changes in interstitial levels of proinflammatory cytokines, pain levels and fatigue over time. Holm-Sidak correction was used as post-hoc test when the Friedman test indicated a significant difference. To analyze differences between patients with FM and CTR at the different time points, the Mann-Whitney U-test, paired t-test or χ 2 -test were used.
Spearman's correlation test, adjusted for multiple testing with Bonferroni correction, was used for analyses of significant correlations between pain intensity and/or fatigue induced by repetitive dynamic contractions and the release of biomarkers at 160 minutes (the first dialysate sample after the dynamic contractions). Traditional statistical methods quantify the level of individual metabolites but disregard inter-relationships between different metabolites [63] . Thus, these methods assume variable independence when interpreting the results [64] . In order to investigate these relations multivariate data analyses (MVDA) were used. MVDA are capable of handling a number of intercorrelated substances and uses both advanced Principal Component Analyses (PCA) and Partial Least Squares (PLS) regressions as important tools. When investigating the multivariate correlations between the release of pro-inflammatory cytokines in dialysate and the level of the pro-inflammatory cytokines in blood as well as any correlation to pain, fatigue and group membership (i.e. FM or CTR) PLS were applied using SIMCA-P+ [65] . Before this analysis PCA was used to check for multivariate outliers. In the PLS analyses, AUC of the different biochemical substances were used. Table 1 shows background data and baseline values for pain and fatigue for the two groups as well as the levels of depression, anxiety and quality of life. The patients with FM reported significantly higher pain intensity compared to the CTR both before the microdialysis (-5 min) and at baseline (120 min). They also had significantly higher body mass index (BMI), and higher HAD-scores for depression and anxiety. Both quality of life indices were noticeable lower in patients with FM. However, the HAD-scores were within the normal range in both groups. No other differences were reported.
Results

Baseline data
Pain intensity and fatigue throughout the microdialysis experiment
Pain intensity. The catheter and the insertion of the catheter increased the pain intensity in 11 out of 32 patients with FM but did not induce any pain in the CTR (Fig 2) . At baseline (120 min) the pain intensity had decreased to the initial level, Fig 2. The pain intensity level remained at the initial level during the trauma phase in both groups. The dynamic contractions increased the pain intensity significantly in the patients with FM but not in the CTR (P < .001, Friedman ANOVA). After the brief work (consisting of repeated dynamic contractions) the pain intensity decreased to the initial level for the patients with FM. Further, the post-hoc test showed that the pain intensity was significantly higher in the patients with FM than CTR at all time-points during the dynamic contractions (P < .001, Holm-Sidak) ,  Fig 2. Fatigue. Perceived fatigue was similar between groups before the experiment and increased significantly in both groups during the brief work both over time and compared to The pain intensity increased significantly only in patients with fibromyalgia (FM) by the brief work. Median (IQR) pain intensity in 32 women with FM and 32 healthy, pain-free age-matched controls (CTR), before and during repeated dynamic contractions of the quadriceps muscle (brief work). The pain induced by the catheter and the insertion of the catheter in FM decreased to the initial level, at baseline before the brief work. * = The brief work increased the pain intensity significantly in FM but not in the CTR (Friedman ANOVA; P < .001). After the brief work the pain intensity decreased to the initial level for FM. § = The pain intensity was significantly higher in FM at all time-points during the brief work compared to CTR (Holm-Sidak; P < .001,).
doi:10.1371/journal.pone.0143856.g002 baseline (120 min) (P < .001, Friedman ANOVA). Further, the post-hoc test showed that the perceived fatigue was significantly higher in the patients with FM at all time-points during brief work (P < .001, Holm-Sidak), Fig 3. Release of pro-inflammatory cytokines IL-1β was detectable in 48% of the dialysates in patients with FM, and 41% in CTR. The levels of IL-1β did not change during the brief work in either group and there were no differences between FM and CTR, Fig 4. Both IL-6 and IL-8 were detectable in 90% of the dialysates in patients with FM and 97% in CTR, respectively. The levels of IL-6 and IL-8 increased significantly in both patients with FM and in CTR during the brief work period (P < .001, Friedman ANOVA). However, there were no differences in the levels of IL-6 and Il-8 between FM and CTR at any time-point, Brief work induced fatigue in both groups, but significantly higher in patients with fibromyalgia (FM). Median (IQR) perceived fatigue by 32 women with FM and 32 healthy, pain-free age-matched controls, before and during repeated dynamic contractions of the quadriceps muscle (brief work). * = The brief work induced fatigue in both groups (Friedman ANOVA: P < .001). The perceived fatigue was significantly higher at all time-points during the brief work in patients with fibromyalgia (Holm-Sidak; P < .001).
doi:10.1371/journal.pone.0143856.g003 TNF was detectable in 67% of the dialysates in patients with FM patients, which was significantly less than the 93% in CTR (P < .001, χ 2 -test). The levels of TNF did not change during the brief work in patients with FM, but increased significantly in CTR (P < .001, Friedman ANOVA). The post-hoc test revealed that the levels of TNF in CTR were significantly higher than in patients with FM during the brief work (P = .033, Holm-Sidak), Fig 4 .
In blood plasma there were no significant group differences in the levels of any of the proinflammatory cytokines. The median (IQR) levels of IL-1 β in blood was 1.1 (2.2) pg/mL in patients with FM and 1.2 (1.5) pg/mL in CTR. The corresponding values for; a) IL-6 was 1.5 (1.4) pg/mL in FM and 1.3 (1.3) pg/mL in CTR; b) IL-8 was 1.5 (2.1) pg/mL in FM and 0.5 (2.3) pg/mL in CTR; and c) TNF was 4.2 (1.7) pg/mL in FM and 3.9 (3.7) pg/mL in CTR.
The multivariate regression analysis could not reveal any significant differences regarding the release of any of the cytokines, in the dialysates, between the FM patients and CTR. Neither did the multivariate regression analysis show any significant differences between CTR and FM patients regarding the levels of pro-inflammatory cytokines in blood. IL-6 and IL-8 increased significantly during and after the brief work in both groups. Mean (SEM) interstitial levels of the pro-inflammatory cytokines IL-1β, IL-6, IL-8, and TNF in 32 women with fibromyalgia (FM) and 32 healthy, pain-free age-matched controls (CTR), before and during repeated dynamic contractions of the quadriceps muscle (brief work). The levels of IL-1β did not change in either group. * = The levels of TNF did not change in FM, but increased in CTR. The levels of IL-6 and IL-8 did not differ between groups, but increased during and after the brief work in both groups (Friedman ANOVA: P < .001). § = The levels of TNF were significantly higher in CTR than in FM (Holm-Sidak: P = .033).
doi:10.1371/journal.pone.0143856.g004
Correlations between pain, fatigue and pro-inflammatory cytokines
No correlations between pain intensity and the level of pro-inflammatory cytokines, nor between fatigue and the level of pro-inflammatory cytokines were revealed in the statistical analysis.
Discussion
The main findings of this study were that the release of IL-6 and IL-8 during the brief work consisting of repeated dynamic contractions was similar in both patients with FM and age-and sex-matched controls. However, the release of TNF was lower in FM and did not increase during the dynamic contractions in contrast to CTR. Further, no correlations between the levels of pro-inflammatory cytokines and pain or fatigue were found.
This study showed an increase of the pro-inflammatory cytokine IL-8 and an increased pain intensity during the brief work. This is partly is in line with previous studies showing that blood serum levels of IL-8 are positively correlated to pain characteristics in post-menopausal patients with FM [66] , and that increases in pain scores are positively correlated to increases in IL-8 [29, 39, 67] . Further, plasma levels of IL-8 were reported to be elevated after injections of lipopolysaccharide, as an experimental model of systemic inflammation and in serum during moderate exercise [55] . This increase of IL-8 was related to higher pain sensitivity and a disruption in the efficiency of the conditioned pain modulation in women [34] . Finally, it has been reported that patients with FM have increased levels of IL-8, compared to healthy controls, both in serum and in cerebrospinal fluid [31] . Taken together this indicates that IL-8 might play a contributing role in the development of chronic pain in patients with FM. In contrast to the present study, other studies indicate that the levels of IL-8 are higher in patients with FM compared to CTR [33, 55] without any correlations to pain [33] . Taken together, IL-8 seem to contribute to development or maintenance of muscle pain but not specifically in FM when compared to CTR. Hence any conclusion regarding this must be considered cautiously since these results are contradictory.
Also IL-1β, IL-6, and TNF seem to be highly important in the development of chronic pain since they contribute to spontaneous nociceptor activity triggering the development of chronic/persistent pain such as FM [53, 68] . It has moreover been shown in animal studies that they contribute to the induction of allodynia and hyperalgesia, commonly found in patients with FM [69, 70] . Further, the release of IL-1β, IL-6, and TNF during moderate exercise has also been shown to be higher in patients with fibromyalgia than healthy controls [55] . Previous studies that have shown that pro-inflammatory cytokines play an important role in both experimental [71] and chronic/persistent pain conditions since they act directly on nociceptive terminals that innervate inflamed tissues [72, 73] . The results from this study did not show any difference between patients with FM and CTR neither in the dialysate nor in blood, except for lower levels of TNF in patients with FM both at baseline and during the brief work, which is in contrast to the previous study where the release of TNF was higher in patients with FM [55] . It was recently suggested that TNF has a central role in adult myogenesis and in maintenance of muscle homeostasis [74] , and that it promotes muscle regeneration via expansion of muscle stem cells [75] . TNF is expressed in myoblasts and a rapid increase of TNF expression takes place during the early hours of differentiation [76] . Thus, one could speculate that the release of TNF is blunted in skeletal muscles of patients with FM due to sustained muscle activity (between muscle contractions) leading to or reflecting an impaired muscle regeneration, and that this ultimately may reduce muscle tissue quality. However, the results from this study are in line with some recent studies indicating that there is no difference between FM and CTR regarding the blood levels of IL-1β, IL-6, and TNF [33, 66, 77] , but contradictory to other studies reporting both lower [31] and higher [39] levels of TNF in patients with FM compared to healthy CTR. Altogether, the results from this study indicate that the pro-inflammatory cytokines IL-1β, IL-6, and TNF do not seem to play an important role in maintenance of muscle pain in patients with FM.
As expected, the patients with FM showed an increased pain intensity during the brief work (repeated dynamic contractions), which was not found in the CTR, and a significantly higher degree of fatigue compared to CTR during the exercise. These findings coincide with the results from previous studies and are among the characteristics of patients with FM [3, 8, 78] . Previous studies have described that fatigue in FM has several dimensions. The peripheral or physical fatigue is dependent on muscle contractions, and this is in agreement with the results from the present study that showed an increase in fatigue during dynamic contractions [79, 80] , while central or mental fatigue mainly is associated with cognitive impairment [79] . Previous studies have also reported a positive correlation between pain and fatigue [81] , and that increased ratings of fatigue are highly correlated to increased ratings of pain intensity at exhaustion, indicating that patients with FM have a more pronounced response to the input from the muscle nociceptors than healthy CTR [78] . Although pain and fatigue are strongly associated with depression, anxiety and sleep quality in patients with FM this study indicates that physical activity rather than pain induces increase of fatigue in FM. This is in accordance with a recent study indicating that pain is not the main driver for fatigue but a contributing factor [27] .
One strength of this study is the relatively large number of participants in each group, compared to other microdialysis studies comprising patients with FM [50, 82] . Another strength is the well-established microdialysis technique which is a valuable tool to collect cytokines in human skeletal muscle during exercise [83] since the recent larger-pore membranes allow recovery of large molecules [84] .
There are some limitations of this study that need to be addressed. One limitation of this study could be related the catheter itself since it might cause cell damage with localized bleeding, disturbing the tissue homeostasis for up to 7 hours after catheter insertion leading to a cytokine response to the catheter insertion [85] . One early study indicates that there was a higher release of serotonin in patients with FM than controls during the trauma phase [48] , however it is unclear if there is a difference in the release of cytokines during the trauma phase between patients with FM and healthy controls. Nevertheless, this does not seem to have affected the results since there were no differences in cytokine level between the groups at the baseline registration. The present study did not investigate the release of anti-inflammatory cytokines which might be considered another limitation since lower blood mRNA levels of IL-10 have been reported in patients with FM [27] as well as a blunted response to exhaustive exercise [86] , indicating a decreased anti-inflammatory cytokine activity in patients with FM. Therefore, further microdialysis studies that include both pro-and anti-inflammatory cytokines are warranted. There are some studies indicating that depression may be associated with elevated levels of IL-1β, TNF, and IL-6 [87, 88] . Thus, depression may be a confounding factor regarding cytokine levels in FM. In this study patients with severe psychiatric disorders were excluded. Moreover, the levels of depression and anxiety were assessed and found to be within the normal range both in the patients FM and controls [59] . Therefore, the levels of depression and anxiety probably did not have any major influence on the results. In addition, there were no differences in cytokine levels between groups. This also brings up the generalizability of the results. Since the participants were recruited to an exercise study they probably had less severe disease than FM-patients in general. On the other hand, studies of FM-populations are mostly conducted at tertiary care clinics, where the most severe cases are found. Nevertheless, inclusion of patients with more severe FM might have led to different results. Future studies may address this issue.
In conclusion, there were no differences between FM and CTR in the release of pro-inflammatory cytokines, and there were no correlations between pain or fatigue and release of proinflammatory cytokines. Thus, this study indicates that IL-1β, IL-6, IL-8, and TNF released in the interstitium of the muscle or in blood do not play an important role in maintenance of chronic muscle pain and fatigue in FM patients.
